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ALGORITHM FOR CALCULATING TOURBINE COOLING FLOW AND
THE RESULTING DECREASE IN TURBINE EPPICIENCY

by James W. Gauntner
Llewis Research Center

SUNMARY

This report documents an algorithm for calculating both
the gquantity of compressor bleed flow required to cool the
turbine(s) and the decrease in turbine efficiency caused by
cooling air injection into the gas stream. The technique is
presented in the form of a Fortran program which can be used
as a subroutine in a Properly written thernodynanmic cycle
code. The user has the option of choosing from ten
different cooling configurations for each row of cooled
airfoils in the turbinpe. Results from the algorithm have
been substantiated by comparison with flows predicted by
ma jor engine manufacturers for given bulk meta] temperatures
and given cooling configurations. Presented in the report
are a listing of the subroutine and a 1list of definitions
for the terms in the subroutine.

This subroutine was originally developed to feplace a
simpler turbine cooling model in the NAVY NASA Engine
Program (NNEP). To use this new routine in NNEP, nainor
changes are required to three other subroutines. These
changes are showm in this report.

INTRODUCTION

The NASA Llavis Research Center employs a general
computer program ({refs. 1 and 2), for Calculating
thermodynariz performance of jet propulsion engines. This
therrodynanic performance is sensitive to the quantity of
compressor tieed fiow required to cool the turbine(s). And
the quantity of required cooling flow increases with the
trend toward higher turbine inlet teamperatures. Because of
this trend, it becoses increasingly more important :c
accurately predict the required cooling flow so as te
accurately calculate the thermodynamic performance.

The present report documents a turbine cooling
algorithm for ax axial-flow, air-breathiag engine which
determines both t.a quantity of compressor bleed flow
required to cool the turbine (s) and the decrease in turbine
efficiency caused by cooling air injection into the gas
Stream. The purpose of this report is to explain the use
and to examine the accuracy of thic algorithnm.

To help explain its use, the turbine cooling algorithm




is discussed froa three different aspects. Ficrst, the
method is presented; next, the flow chart is traced; anad
finally, the required input is examined. The accuracy of
the algorithm is evaluated by comparing 1its predictioas of
required cooling flow vith those of major eagine
manufacturers,

The algorithm is presented in the form of a Portran
program which can be used as a subroutine in a properly
written thermodynaaic cycle code. Por example, it is used
herein as a nev version of subroutine COOLIT in the
thernodynamic cycle code NNEP of references 1 and 2. A
listing of the subroutine and a list of definitions for the
teras in that subroutine are presented. Minor changes to
three other subroutines in the code of references 1 and 2,
NNEP, wvhich are required for the use of the COOLIT
subroutine in that code, are also presented.

ANALYSIS
Turbine Cooling Method

The quantity of required cooling flovw and the
corresponding decrease in stage efficiency are calculated
for each row of airfoils throughout the turbine. These
values are then used to obtain the quantity of coapressor
bleed flow required to cool the turbine and the decrease in
cooled-turbine efficiency caused by cooling air injection
into the gas streaa. The calculations depend on both the
type of cooling configquration and the value of cooling
effectiveness.

Cooling configuration. - The allowable cooling
configurations in this <cooling algorithm are described in
tatle I. In this table, column 1 contains NFACT(I) which is
used to identify the <cooling configuratiom shown in colunmn
2., Columns 3 and 4 are aids for choosing the proper cooling
configuration for each row of airfoils. Column 5 1lists the
required cooling flow for each configuration relative to
that flow requirad by a full coverage film cooled turbine
blade. Por example, a transpiration cooled turbine blade
requires only 0.8 of the cooling flov required by a full
coverage film cooled turbine blade for a given value of
cooling effectivenesse. Coluans 6 and 7 list the percent
decrease in stage efficiency for each perceat of core flow
required to cool the stator(s) and rotor(s), respectively.

The values of relative cooling flov, PACTOR, which
appear in column 5 of table I come from both analytical and
experinental sources. Reference 3 presents an analysis
relating the required flow for convection, advanced
convection, full coverage film, and transpiration cooling.
These values are sensitive to gas, coolant, and metal




temperatures and to airfoil Jeometry. However, for the
purpose of this investigation, rominal values of relative
cooling flow are sufticient. Fronm reference 3 values of
FACTOR of 2.0,1.5, 1.0, and 0.8 are obtained corresponding
to cooling configurations 1, 3, 8, and 9, respectively.

From figure 8 of reference 4, a convection cooled
turbine blaje with a 0.025 centimeter coating requires only
three-fourths of the cooling flow of that of an uncoated
convection cooled blade. So the value of FACTOR of 1.5 for
a coated convectio. cooled blade can be obtained from the
value of 2.0 for a coavection cooled blade.

Values of FACTOR for cooling configurations 4, S5, and 6
are 1.3, 1.2, ard 1.1, respectively. These values have been
obtained by interpolating betwveen values of FACTOR for
cooling configurations 3 and 8. The value of FACTOR for
cooling configuration 7 was obtained by using a weighted
average of PACTOR values for cooling configurations 3 and 9.

Values of the dimensionless loss in stage efficiency,
DELV and DELN, which appear in columns 6 and 7 of table I,
vere obtained in a personal communication from Thomas P.
Moffitt, a nmember of the Turbine Branch at Lewis Research
Center,

Cooling_effectiveness. - Cooling effectiveness, PHI,
is defined as the ratio of the difference between the hot
gas temperature anl the allowable bulk metal temperature to
the difference between the hot qas temperature and  the
compressor bleed temperature.

PHL = (T - TM)/(T - TC)

The hot ygas temperature entering a1 given rowv of
airfoils 1is the average combustor exhaust tempe-ature
incremented to iaclude the following five effects: (N
Hotspot profiles are accounted for by using a pattern faoto:o
of 0.3 for the first stage stator of the high ©pressure
turbine and a value of 0.13 for all other rows of cooled
airfoils in the turbine(s). (Pattern factor 1is defined as
the ratio of the lifference between the hotspot and the
average rov inlet temperature to the Jdifference between the
average row 1inlet tomperature and the combustor inlet
temperature.) (2) The correction to the Hhot Jas temperature
due to the dilution of upstrean cooling air is obtained froa
a mass averaged enthalpy from which a revised gas
temperature is calculated. (3) Currently, the correction
due to relative velocity is merelv an apprcximation; the
relative total temperature is assumed to equal 0.92 of the
absolute total temperature. This value is a modification of
the 0.90 value found in reference 3 which included dilution
from the stator cooling air. {4)Because work 15 extracted




from the gas stream, the downstream rows of cooled vanes aad
blades are subjected to a 1lower gas temperature. (5) The
Jas temperature used to determine the required cooling flow
is first increased by 1502 R to provide a safety factor for
the cooled turbine airfoils.

Allovable bulk netal temperature depends upon the year
of material technology, the desired life and the duty cycle.
(duty cycle 1inclules mission, atmosphereic conditions and
powver settings.) In an attempt to simplify these
relationships the following equations relate
state-of-the-art bulk metal temperatures to both life and
year of mnmaterial technology. (See APPENDIX A for the
definition of the variables.)

THVANE
TMBLAD

(10.*YEAR -17640.) - (100%10g(ELIPE)-400.)
(10.*YEARB-17740.) - (100*10g(ELIFE)-400.)

These equations have beem obtained from iaformation
similar to that contained in fiqure 8 of reference 5. 1In
that figure metal temperaturc is presented as a function of
the year of material technology. The figure shows both a
turbine blade material temperatuce of 2110° R for 1985
technology and also a historic increase of almost 10° R per
year in the the allowable wmetal temperature. Stator blades
are herein assumed to operate at a temperature 100° R higher
than the rotor blades so that they will operate at 2210° R
for 1985 technology.

The cooling air temperature reflects the stage of the
compressor from which the bleed flow is extracted.

Dimensionless_cooling flow. - After the relative
cooling flow, FACTOR, has been chosen from table I for the
row of airfoils, and after the <cooling effectiveness, PHI,
has been evaluated from the above temperatures, then the
dimensionless cooling flov <can be Jetermined from the
following eguation. For example, for a PACTOR OP 1.0 and a
cooling effectivenass >f 0.5, the dimensionless cooling flow
1s 0.022 for a full coverage film cooled turbine blade.

W(I)/ /WG = PACTOR*0.022%(PHY/(1.-PHI)) **1.25

The form of this equation is derived from a heat
balance Jacross the surface of a turbine blade in which
turbulent flow is assumed for both the hot gas and the
cooling air. The constant 0.C022 is obtained by
extrapolating experimental data presented in figure 23 of
reference 6 for a full coverage film cooled turbine vane.

To account for endwall, shroud and disk cooling, and
leakage, the dimensionless cooling flow for each row of
airfoils 1s increased by a2 factor of 4/3. Although this
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value will vary from engine to engine, its use seens
reasonable vhen comparisons are made vith flowvrates
predicted by other methods.

Cooled turbine_efficiencye. - First, the
uncooled-stage efficiency, EFF2, 1is calculated from the
unccoled-turbine efficiency, EFF1, using equation (6.5.6) of
reference 7. This calculation assumes that all
uncocied-stage efficiencies and all stage pressure ratios
are equal.

EFF2= (1= (1-EFF1% (1-RPT*GAM) ) ** (1/XN)) /(1 -RP** (GAN/XN))

¥ext, the dimensionless cooling flows from the stator
and the rotor, excluding the endwall, shroud, disk, and
leakage flows, are then used to determine the decrease in
the thermodynanic efficiency of the turbine stage. This
decrease in stage efficiency is equal to the product of the
dimensionless cooling flow, one of the last two columns in
table I, and the uncooled-stage efficiency. Subtracting the
change in stage efficiency fron the uncooled-s' \ge
efficiency, EFF2, will yield the cooled-stage efficie ‘v,
EFFP3.

EPP3=EFF2- (¥ (I) /WG) *DELV*EFF2- (% (I1+1) /WG) *DELN*EPF2

Finally, the thermodynamic cooled-turbine efficiezcy,
EPF4, is reconstructed from the cooled-stage efficiencies
using equation (6.5.5) also of reference 7. This equation
allows a difforent value of cooled-stage efficiency for each
stage.

XN
EFF0=(14TH1-EFF3(I)‘(1-RP*‘(1/XN))**GAH}))/(1—RP**GAH)
I=1

Flow Chart >f the Algoritha

The sequence for calculating these quantities can be
followed with the aid of APPENDIX A and APPENDIX B. The
former is a symbol 1list and the latter is a listing of the
new subroutine.

As shown in APPEVNDIX B, before the "DO 20" 1loop, the
uncooled thermodynamic stage efficiency, EFF2, is calculated
from the uncooled thermodynamic turbine efficiency, EFFP1.

The "DO 20" loop separates the kind of cooling for the
turbine, KINDOP, into the cooling configuration for each row
of the turbine, NPFACT(I). For example, in a one stage
turbine with a value of KINDOF equal to 86, the values of
NPACT (1) equals 8 and NPACT(2) equals 6. This indicates
that the stator is cooled by a full coverage fila and the




rotor 1s cooled partially by film and partially by advanced
convection. See table I for NFACT(1)=8 and NPACT(2) =6.

The "DO 380" loop determines for each rcow of airfoils
the effective hot gas temperature, T, the «cooling
effectiveness, PHI, the required cooling flow for each row,
W(I), the change in stage efficiency, DELN, the accumulated
required cooling flow made dimensionless by the flow into
the turbine, PCBLED, and the cooled-stage efficiency, EFF3.

The "DO yon loop reconstructs the cooling
configuration, KINDOF, from NPACT(I) to reflect any changes
made to NPACT(I) inside of subroutine COOLIT. Such changes
occur when either a blade row requires cooling but was not
originally intended to be cooled or vhen a blade row does
not require cooling but was originally intended to be
cooled. Por the former case the blade row is assumed to
have convection cooled airfoils; for the latter case the
blade row is assuned to have solid, uncooled airfoils. See
table I where NPACT (I) equals 1 and 0 respectively.

Finally, beyond the "DO 90" 1loop, the cooled-turbine
efficiency, EFF4, is reconstructed from the cooled-stage
efficiencies.

Input to the Algorithm

Input_to general_ thermodynamic cycle code. - Input to
the algorithm are discussed below. The names marked with an
asterisk are not alwvays required because oOf the reasons
cited.

*EPP! is the thermodynamic efficiency of the wuncooled
turbine. It is only required 1if the thermodynamic
efficiency of the cooled turbine is to be calculated. 1If
EFF1 is not known then it can be calculated by using the
coolling configurations of the airfoils, the corresponding
dimensionless cooling flows, and the above three equations
relating FFF1, EFF2, EFF3, and EFFf4. Or it can be found by
a trial and error procedure by varying the 1input value of
EPF1 until the known output value of EFF4 is achieved. An
exanple of such a calculation might be ¢to determine the
required cooling low and cooled-turbine efficiency for a
transpiration cooled turbine knowing the corresponding
values for a film cooled turbine.

$*ELIFE is the desired life of the turbine airfoil. It
is assumed to be 10 000 hours if the design values of TMVANE
and TMBLAD are knovn.

*PARCX is the fuel to air ratio of the cooling flow.
It is used to evaluate the specific enthalpy, HC. If a gas
property subroutine is not available and the diluted gas
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terperature is obtained by heéans of a pagg averaged
terperature, thep FARCX is not required.

*FARGX is the fuel to air ratio of the hot gas strean.,
It is ysed to evaluate both the Specific heat ratios, GAMIN
and GAMOUT, and the specific enthalpy of the hot gas, Hg,
If an dSSumption is made for the specific heat Catio and if
the diluted gas temperature jis obtained by means of 4 mass
averaged temperature. then PARGX is pot Cequired,

HPT is the power extracted by the turbine. It is used

to adjust the ot gas temperature due to work extracteg by
upstrean stages.

KINDOF is an orderegd Combination of digits Tepresenting
the cooling configurations throughout the turbine Starting
with the stator of the first stage. For example, for a two
Stage turbine, 9865 indicates that each of the four rows of
airfoils in a two Stage turbine has a srecific cooling
configuration as indicated in table I,

*PR is the pPressure ratio across the turbine, inlet
over exit. It is only required if the thermodynanic
efficiency of the cooled turbine is to be Calculated.

PROPIL is the combustor pattern factor., The usyual
input is 0.30. After the stator of the first stage of the
high pressure turbine, the value is set to 0.13 ¢o reflect
the radial profile,

STAGES is +the nuacer of stages in the turbine. It is
used to distribute the work of the turbine angd to indicate
the number of rows of cooled airfoils.

TC is the *otal temperature of the cooling flow at the
point at whicn it is extracted from the compressor. It ;.
used to evaluate the cooling effectiveness, PHI, and the
Specific enthalpy, HC.

TIN is the tota) tenperature of the gas into the
turbine. The first itage stator s evaluated at this
tenperature after adjustment for both combustor pattern
factor of 0.3 angd safety factor of 1509 3.

*TOUT is the total temperature of the gas out of the
turbine, It is only useqd to evaluate GAMOUT. As  with
FARGX, it is not alvays required.

WTPLO is the total gas flow into the turbine,
YEAR is the first year of service for the stator vane

material. The algorithm allows one level of material
technoloqy for the stator (s), YEAR, and another Jlevel for




the rator(s), VYEARB. Por exanple, let YEAR=2000.0 and
YFARB=1977.8. This indicates that the allowable bulk metal
temperature of the stator(s) and rotor(s) are 2360° R and
2038° R, respectively. The allowable bulk metal teaperature
S5f the rotor blade is assumed to be 100° R less than that of
the stator blade for a given year of material technology.

YEARB is the first year of service for rotor blade
naterial.

Changes_to thg_ghgggggxndmic cycle code NNEP. - In
the previously published version of NNEP (refs. 1 and 2),
one value of turbine efficiency was input and used
irrespective of the calculated cooling flow. Now, the new
COOLIT subroutine allows (NEWEFF=.TRUE.) for the use of a
cooled-turbine efficiency which depends upon the cooling
configuration of the airfoil, the calculated cooling flow
and the thermndynamic uncooled-turbine efficiency.

Pormerly, the value of YEAR indicated the sanme level of
material technology for both the stator and the rotor. YNow,
the new COOLIT subroutine allows one level of material
technology for the stator(s), YEARYV, and another level for
tke rotor (s), YEARB.

Pormerly, only one type of cooling configuration was
input for all rows of airfoils. Now, the nev COOLIT
subroutine allows a different cooling configuration for each
row of airfoils in the turbine.

APPENDICES ¢C,D, ind E list changes to subroutines
TURBIN, INPRT, and INPOT, respectively, which are part of
the engine performance cade NNEP. These changes are
required for the use of the new COOLIT subroutine in NNEP.

rccuracy of the Algorithm

conparison_of predicted flows. - Comparisoas can be
nade between the predictions of the algorithm and those of
tvo engine panufacturers. The first two of these
predictions are for hypothetical advanced supersonic

transport engines having specific cooling configurations and
specific bulk metal temperatures. Ia omne case the algorithnm
predicted 9,6 percent cooling flow whereas the enpgine
manufacturer predicted 10.0 percent. In another case the
algorithw and the enyine manufacturer both predicted 19.4
percent. In a third comparison, one for an advanced
subsonic Energy Efficient Engine, the algorithm predictead
16.5 percent whereas the engine manufacturec predicted 18.2
percent,

So in gene. ~ the flovs predicted DY t he new cooling
algorithm agree « ysely vwith those predicted by ma jor engine

 edddas,




nanufacturers as long as the proper cooling configuration
and bulk metal temperatures are used.

To determine the significance of the new cooling
algorithm, a comparison was made betveen its predictions and
those of the old version of the COOLIT subroutine for an
alvanced engine. The comparison of predicted cooling flows
shcws that the new coolirg algorithm predicts a flow which
is about 65 perceat higher than that predicted by the old
COOLIT subrcutine. Tn: major reason for the difference in
the predicted flows 1is the fact that the o0ld COOLIT
subroutine did not allow for either a safety margin or a
hotspot temperature.

Effect of cooling flow_on_performance. - In the new
algorithm, compressor bleed flow can affect engine
performance in two ways. (1) As the cooling flow exits froa
the turbine blades and enters the gas stream it causes a
loss in total pressure of the mainstreanm due to increased
drag and thereby causes a decrease in turbine efficiency.
(2) Any cooling flowv which is ejected into the gas stream
downstrean of the rotor is directly chargeable to the
engine cycle since work cannot be extracted from it.

The new cooling algoritha predicts a higher required
cooling flow than did the o0ld COOLIT subroutine. It
therefore follows from the previous paragraph that NNEP in
conjunction with the new <cooling algorithm predicts lower
thrust levels than that predicted by NNEP 1in conjunction
with the ol1 COOLIT subroutine. In one example the net
thrust decreases by over 9.2 percent because of the extra
cooling flow which bypassed the trotor.

When NEWEFFP=,TRUE., the turbine efficiency is degraded
by cooling f1'-4 injection. When NEWEFF=.FPALSE., turbine
efficiency is not degraded by cooling flow injection. [le
difference between these two options for the case <cited
above is a decrease in net thrust of 1.1 percent. Most of
this Jifference is due to the decrease in the efficiency of
the high pressure turbine {HPT) because most of the total
cooling flow 1is requi‘ed for the HPT. PFor the case cited
the efficiency of the 4YPT Jdecreases 3.76 points vhile the
efficiency of the LPT lecreases 0.88 points.

It is interesting to differentiate between the relative
error in thrust attributed to the decrease 1in turbine
efficiency and that attributed to the cooling flow which
bypasses the rotor. The error introduced 1into the thrust
level due to inaccurate cooling flow is several times the
error due to uncorrected turbine efficiency.
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CONCLOD ING REMARKS

A cooling algoritha has been developed for calculating
both the guantity of conpressor bleed flow reguired to cool
the turbine{s) and the decrease in turbine efficiency caused
by cooling flow injection into the gas stream. The
technique 1is presented 1D the form of a Fortran progras
vhich can be used as a subroutine in a properly written

thermodynamic cycle code.

1. The cooling algoriths predicts cooling flows vhich
have been substantiated hy comparisons with flows
predicted by engine mapufacturers for the sane bulk metal
temperatures and cooling configurations.

2. The new cooliag algoritha allovs for a different
cooling configuration for each row of cooled airfoils and
allows for different levels of material technology between
the stator and rotor. In additiom, it will calculate the
decrease in turbine efficiency caused by injection of
cooling flow into the gas streanm.

3. An inaccurate ptediction.of both reguired cooling
flov and turbine efficiency will resuit in an
ipaccurate prediction of engine thrast. However, the
error in calculated thrust caused by flow Dbypassing the
rotor is much greater than the error 1in calculated thrast
caused by the decrease in turbine efficiency.
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APPENDIX A. - NAMES OF VARIABLES IN SUBROUTINE COOLIT

AIED
ALR2
CALBLD
DELN
DELV
DH
EFF1
EFF2
EFF3
EFP4
ELIFE
FACTOR
FARCX
FARG
FARGX
FOEL1
FUOEL2
GAN
GAMAVG
GAMIN
GANOUT

HC
HG

H3UP

APT
I

KVANE

KINDOF

by
NEWEFP

NPACT (I)

air content of the hot gas at the entrance to a

row of airfoils, lbm/sec

air content of the bleed tlow from the rowvw of
airfoils immediately upstreas, lbam/sec

indicator which is set to .TRUE. when bleed flow
requirement is to be determined

percent change in thermodynamic efficiencyof a cooled
stage for each one percent of required cooling flow;
change in thermodynamic stage efficiency due to the rotor
change in thermodynamic stage efficiency due to the stator
power extracted from each turbine stage, Btu/sec
thermodynamic efficiency of an uncooled turbine
thermodynamic efficiency of an uncooled stage of a turbine
thernodynamic efficiency of a cooled stage of a turbine
thermoliynamic efficiency of a cooled turbine

desired life of the turbine airfoil

cooling flov weighting factor

fuel to air ratio of the cooling flow

fuel to air ratio of the hot gas stream at the

inlet to a row of airfoils

fuel to air ratio of the hot gas stream at the

inlet to the turbine

fuel content of the hot gas stream at the entrance

to a rov of airfoils, lbm/sec

fuel content of the bleed flow from the row of
airfoils immediately upstream, lbm/sec

(GAMAVG-1) /GAMAVG

(GAMIN+GAMOUT) /2

specific heat ratio of the hot gas as function of

TIN and FARGX

specific heat ratio of the hot gas as function of
TOUT and FARGX

enthalny of the cooling flow, Btu/lbm

enthalpy of the hot gas stream at the inlet t¢ a

row of airfoils, Btu/lbam

enthalpy of the hot gas stream at the inlet to a
turbine, Btu/lbnm

povwer extract2d by the turbine, hp

number of rovs of cooled airfoils in a turbine

vhich exceed nine

indicator which determines whether a row of

airfoils is <« stator or a rotor

an ordered combination of digits representing the
cooling configurations throughout the

the turbine starting with the stator of the first stage
RONS

indicator which is set equal to .TRUE. when a new
thermodynamic efficiercy for the cooled turbine

is to be calculated

digit representing a particular cooling
configuration for a particular row of airfoils 1in

11




N
NISTT
PHI
PHIC (X)

PC3LED

PR
PROFIL

RP
ROWS
SAPETY

STAGES
STUMBLD

™

TAUT
TC

TG

TIN

™
TMBLAD
TMVANE
TOUT
WCOOoL
W(I)

WG
WG
WTFLO
XDELN
XFACT
XN
YEAR

YEARB

a cooled turbine

wvhole number of stages in the turbine

coaponent number of the first turbine

general name for PHIC (X)

cooling effectiveness evaluated at the local value
of the effective gas stream temperature

accumulated cooling flow required to cool the
turbine, made

dimensionless by the flow entering the turbine
pressure ratio across turbine, inlet/exit

combustor pattern factor; or radial

temperature profile

pressure ratio across turbine, exit/inlet

number of rows of cooled airfoils in the turbine
safety margin of 150°R used when determining the
required cooling flow

nunber of stages in the turbine

sum of dimensionless bleeds from all turbines;
approaches unity as engine design converges
argqument of function PHIC (X);

average effective gas temperature,R

temperature ratio across turbine as calculated

by stage efficiencies

total temperature of the cooling flow at the point at
wvhich it is extracted from the compressor,®R

gas temperature at the inlet to a row of airfoils,°R
total temperature of the gas into the turbine,CR
general name for either TMVANE or TMBLAD,OR
allowvable bulk metal temperature for rotor btlades,®°R
allowable bulk metal tcaperature for ztator vanes,®R
total temperature of the gas out of tha turbine,®R
dimensionless cooling flowrate for a row of cooled airfoils
the cooling flowrate for a row airfoils, lbm/sec;

or the cooling flowrate

for a row of airfoils in the turbine plus
endwall,shroul, and disk cooling and ledakage, lbn/sec
Jas flowrate at the iclet to a row of airfoils, lbm/sec
WTFLO, lbm/sec

total gas flow into the turbine, lbm/sec

general name for DELN

general name for FACTOR

N

first year of service for stator vdne material;
called YEARV 1n INPUOT SUBROUTINE

first year of service for rotor blade material
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APPENDIX B, - LIZTING CF SUBRCUTINGE CORLT Y

SUBROUTINE COOLIT (STAGES,KINDOP
'TFLO, FARCX,FARGX, PR)
IMPLICIT REAL*8 (A-H,0-2)
COMMON /JBLEED/ SUMBLD, YEAR, ELIPE,CALBLD

COMMON /BLADE/ YEARB,TMVANE, TRBLAD, NERER P

COMMON /PF/ PROFIL,N1STT

LOGICAL CALBLD

LOGICAL NEWEFF

DIMENSION NFACT (20), W (20) +XFACT (10) , XDELN (20)
DATA XFACT,XDELN/0.0,Z.O.1.5,1.0,1.3,1.2,1.1,0.9,1.0.0-8,*
10.,0.,0..0.1,0.12,0.15,0.18,0-5,0.35,1-0,—
10-.0.,0.,0.2,0.24,0.30,0.36,1.0,-60,1.5/
PHIC(X)=(X—TH)/DABS(X~TC)

WCOOL (PHI) = -022% (PHI/ (1.-PRI) ) **1_ 25

N=STAGES+. 1

N=AMAXO (1,N)
THVANE=(10.*!EAB-176QO.)~(100.*DL0610(ELIFE)-UOO.}
TusLaoz(10.*!3&33—17740.)-(1oo.toLoclo(ELIFE)—aoo.)
GAHIN=THERH(5,TIN,FARGX)

GAHOUT=THERH(S,TOUT,PARGX)

GAMAVG= (GAMIN+GAMOUT) /2

GAN= (GAMAVG-1) /GAMAVG

TAUT=1

RP=1/DPR

XN=N
Eprz:(1.-(1.—EFF1*(1.-RP**GAM))**(1./xu))/(1.—Rp*t(GAH/XN))
DH=HPT/FLOAT (N) /1. 415

HC=THERM (4,TC, PARCX)

SAFETY-150.

FARG= ARGX

TG=TIN

HG=THERM (4,T 3, FARG)

PCBLED=0.

RGI1=WTFLO

WG=WG1

HGUP=HG

KVANE=-1

ROWS=2%STAGES+. 1

M=ROWS

M=ANAXO0 (2, M)

II=M-9

DO 20 I=1,NM

IF (M.GT.9.AND.I.LE.I1I) GO 1O 10
NFACT(B*1—I)=KINDOF-10*(KINDOP/10)

KINDOP=KINDOF /10

GO TO 20

NFACT (M+1-1) =1

¥ (I)=0.

DO 80 I=1,m

KVANE=RKVANE®* (- 1)

COOLING FLOW WEIGHTING *PACTGRS ASSIGNED TO *KINDOF!

,TIN,TOUT,TC,PCBLED,EFFI,EPPQ,HP
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COOLING CONPIGURATION
N=NFACT(I) +1
FACTOR=XFACT (N)

IF (KVANE.LT.O0) GO TO 30
TM=TMVANE

C DIMENSIONLESS CHANGE IN STAGZ EFFICIENCY FOR A ONE
C PERCENT CHANGE IN STATOR COOLING FLOW
DELN=XDELN (N)
GO TO 40
30 TM=TMBLAD
C DIMENSIONLESS CHANGE IN STAGS EFFICIENCY FOR A ONE
C PERCENT CHANGE IN ROTOR COOLING PLOW
DELN=XDELN (N+10)
c APPROSIMATION FOR RELATIVE TOTAL TEMPERATURE
TG=.92*TG
c CORRECTION TO *T* FPOR SAFETY MARGIN OF 150 DEG
40 T=TG+SAFETY
PHI=PHIC(T)
o CORRECTION TO *PHI' FOR PATTEZRN FACTOR/RADIAL PROFILE
C *PROFPIL® HAS VALUE OP 0.30 POR THE PIRST STATOR OF THE HPT
PHI=(PROPIL#PHI)/ (PROPIL+1.)
PHI=DMAX? (PHI,0.D0)
C IF THE BLADE IS MEANT TO BE COOLED AND IT NEEDS TO BE COOLED
IF (NPACT(I).GT.0.AND.PHI.GT.0.) GO TO 50
C IF THE BLADE DOES NOT NEED TO BE COOLED
IF (PHI.EQ.0.) GO 'TO 60
C IF THE BLADE NEEDS T0 BE COOLED
C BUT WAS NOT MEANT TO BE COOLED
FACTOR=2.0
NFACT (I)=1
50 W (I)=WCOOL (PHI) *FACTOR*WG
GO TO 65

59 NFACT(I) =0

65 DELN=DELN*W(I) /WG*EFF2

IF (.NOT.NEWEFF) DELN=0

IF (KVANE.GT.0) DELV=DELN

o CORRECTION FOR ENDWALL COOLING/LEAKAGE
W(I)=W (I) *4/3

NEW FUEL/AIR RATIO AFTER DILUTION FROM UPSTREAM ROW
AIR1=WG/{1.+FARG)

FUEL1=WG*FARG

AIR2=W (I) /(1. +PARCX)

FUEL2=W (I) ¥*PARCX

FARG= (PUEL 1#PUEL2) /(AIR1+AIR2)

IF (KVANE.GT.0) 50 TO 70
EFF3=EFP2-DELN-DELV

TAUT= (1.~EFF3* (1. - (RP** (1. /XN)) **GAM) ) *TAUT
HG=HG-DH/WG

bl R AR
]

70 HG= (WG*HG+W(T) *HC) / (¥G +W (I))
TG=THERM {1,HG, PARG)
WG=HG+ W (I)

PROFIL=.13
80 PCBLED=PCBLED#+W (I) /WG 1

N EUGE
R S )

U e
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MM=AMINO (9,M)

DO 90 I=1,MM
KINDOF=KINDOF® 10#NPACT (I)
EPPU= (1-TAGT) /(1-RP**GA M)
RETURN

END

15
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APPENDIX C. - CHANGES TO SUBROUTINE TURBIN

le After the statement
"IMPLICIT..."

on line 2, insert the statement
"OIMENSION KIND (20)»,

2. After the statement

"COMMON /IBLEED/u.. ™

on line 10, insert the tvo statements
"CONMMON /BLADE/YEARV,THVANE,THBLAD,NEUEFF"
ani

"COMMON /PF/ PROFIL,NISTT",

J. After the statement

"LOGICAL CALBLD"

on line 11, insert the statement
"LOGICAL NEWEFP®,

4. After the statement
"EFFT=DATINP(6,JCX)"

on line 45, insert the two Statements

"IF (. NOT.NEWEFF) DATOUT(B,JCK)=DATINP(11,JCX)"

and

“IF (NEHEFF-AND.NIT.EQ.O) DATOUT(T!,JCX)=DATINP(II,JCX)".

5. Replace the statement
"EFF=DATINP(11,JCX)"

Oon line 95 with the statement
"EFY=DATINP(8,JCX)".

6. After the statement
"TOTEMP (JPT1) =TOUT"

on line 109, insert the six Statements
"IF (N1STT. 59.0) NISTT=gCX",

"IlF (JCXLEQ.NI5TT) PROFPIL=0.3"

"IF (HPT.EQ.0) KIND (JCX)=DATINP (14,JCX) ",
"KINDOF:KIND(JCX)",

"IF (HPT.EQ.0) GO TO 1271,

and

"IF (XINDOF.EQ.0.) KINDOF=88"m,

7. Delete the two statements
"FACTOR=DATIN?(1Q,JCX)"

on line 110 and

"IF (FACTOR.EQ.0) FACTIOR =1.0"

on line 111,

3. Change the term "NSTAGE™ on line 113 to "sSTAGE".

9. Change the teras "NSTAGE,FPACTOR" on line 114 to "STAGE,KINDOF'".

10. Change the term "LED)" on line 115 to the ternms
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"LED, DATINP(11,JCX),DATOUT(8,JCX),HPT, NT1,FAR2,FAR],PR)"™.

11. After the statement
"IP (DABS... 5O TO 60%
on line 121, insert the statement

"IF (DABS(EFP-DATOUT(8,JCX)) .GT. 1.D-U4)

12. After the statement
"SUMBLD=SUM3LD. 4"

on line 122, insert the statement
"CONTINUR"™,

13. After the statement
"DATOUT(7,JCX)wws"

on line 133, insert the statement
"IF (IDONE(JCX).EQ.Q) GO TO 125",

14. Change the statement
*DATONUT (9,JCX) =PR"

on line 135, to

"125 DATOUT (9,JCX)=PR"™.

30 TO 60",

15. After the previous statement on line 135, insert the statement

“DATINP (14,3CX) =KINDOF".

17
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APPENDIX D. - CHANGES TO SUBROUTINE INPRT

1. After the statement

“COMMON /JBLEED/e.."

on line 11, insert the statement

"COMMON /BLADE/YEARB, TMVANE, TMRLAD, NEWEFPF",

2e After the statement
; "10) I,DATINP(2,1)"
> on line 98 insert the statement

B "KINDOF=DATIND (14,I)".
' 3. After the term "DATINP(2,I)" on line 99, insert the
terms ",KINDOF, TMVANE, TMBLAD".
4. Replace on the right-hand-side parenthesis, ") ", with a hyphen
and add to format statement 520 the continuation
] L PR THE COOLING CONFIGURATION IS ,I9,* THMVANE IS
- ',F6.0,' TMBLAD IS *,F'.0)".
.4 {Note the blank after the parenthesis.)
P ;
B
18




APPENDIX E.- CHANGES TO SUBROUTINE INPUT
. After the term "CALBLD" on line 16, insert the ternm ",NEWEFF",

2. After the statement

"COMMON /JBLEED/..."

on line 23, insert the two statements

"CONMMON /BLADE/ YEARB, TMVANE, TMBLAD, NEWEFP"
and

"COMNON /PF/ PROFIL  NI1STT®,

3. PReplace the term "YEAR™ on line 28 with the tersas
"NEWEFF, YEARB, YEARV"™,

4. After the statenment
"CALBLD=.FALSE."

on line 38, insert the three statements
"NEWEFP=.FALSE. ",

"YEARV=1985."%,

and

"YEARB=1985.".

S. Delete the statement
"YEAR=1985."
on line 39.

After the statenment
"READ (8,D)"

on line 50,

insert the statement
PNISTT=0".

7. After tune statement
"READ(8,D) "

on line 76, insert the statement
"YEAR=YEARV".
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